Abstract-This paper presents the design and the experimental demonstration of transmission of spectrally efficient frequency division multiplexing (SEFDM) signals, using a single 5-GHz channel, from 81 to 86 GHz in the E-band frequency allocation. A purpose-built E-band SEFDM experimental demonstrator, consisting of transmitter and receiver GaAs microwave integrated circuits, along with a complete chain of digital signal processing is explained. Solutions are proposed to solve the channel and phase offset estimation and equalization issues, which arise from the well-known intercarrier interference between the SEFDM signal subcarriers. This paper shows the highest transmission rate of 12 Gb/s over a bandwidth varying between 2.67 to 4 GHz depending on the compression level of the SEFDM signals, which results in a spectral efficiency improvement by up to 50%, compared to the conventional orthogonal frequency division multiplexing modulation format.
1) The 5-10 GHz of available bandwidth BW allows multigigabits per second transmission. 2) The low atmospheric absorption compared to the 60 GHz and beyond −100 GHz bands allows data transmission over a relatively long distance.
3) The light-licensing requirements of the E-band spectrum simplify and reduce the operating cost [1] . In a multipath environment, the millimeter-wave channel exhibits frequency-selective characteristics. To combat frequency selectivity and to simplify channel equalization, orthogonal frequency division multiplexing (OFDM) converts the frequency selective channel into a parallel collection of orthogonal frequency flat subchannels [2] . This is the reason of the popularity of OFDM for many of today's wireless applications and experiments. A comprehensive and complete study of OFDM versus single carrier millimeter-wave transmission by Rappaport et al. [3] concludes that the superior frequencyselectivity mitigation capabilities of OFDM offset the power amplifier nonlinearity benefits of single carrier, at least when robust channel coding is used. For instance, OFDM is chosen for the WiFi 802.11ad and wireless personal area network IEEE 802.15.3c new standards over the millimeter-wave spectrum [4] and the future 5G standards [1] . Much experiments have been demonstrated on different millimeter bands for OFDM ranging from 39 GHz [5] , 40 GHz [6] , 60 GHz [7] , and up to 94 GHz [8] for different applications and scenarios. More experiments can be found in the references therein of the above-mentioned papers.
Only a few trials have been carried out in the E-band transmission to gain a better understanding of the channel propagation characteristics and to prove its viability. Rappaport et al. [3] have investigated the deployment of highly directional steerable antennas with beamforming for data transmission over the (71-76 GHz) spectrum, in an indoor scenario [9] and an outdoor scenario [10] in New York City for future 5G communication systems. A demonstration of adaptive OFDM-based transmission over the 70-GHz band has been reported in [4] , where different modulation orders to different subcarriers groups are implemented to cope with channel impairments and enhance system total capacity. Other FDM-based systems have been implemented too, such as the 6 Gb/s demonstrator reported in [11] , where the 81-86 GHz This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ BW is divided into subchannels. Each subchannel is filtered with a root-raised-cosine filter to reduce the interference between subcarriers.
Up to this point, the E-band transmission is limited to orthogonal signals transmission, which constricts the system spectral efficiency. Recent research focuses on enhancing the spectral efficiency by either minimizing the out-of-band emission (OOBE) or by exploiting the signal orthogonality. The substantial motivation behind the 5G modulation candidates analyzed in [12] is to reduce the OOBE. This may be achieved by windowing the symbols in time such as in windowed OFDM [12] , or by filtering a group of subcarriers; filtered-OFDM [13] and universal filtered multicarrier are two popular methods along this line [12] . More advanced filtering, of each subcarrier, such as filter bank multicarrier and generalized frequency division multiplexing, represent other candidates for 5G [12] , [14] but unfortunately, require new complex transceivers.
A marked contribution of improving spectral efficiency using non-orthogonal signaling formats was proposed back in 1975 by Mazo [15] , where it can be shown that in a single-carrier scenario, a 25% gain in spectral efficiency can be achieved at the same bit error rate (BER) and energy per bit E b . In 2003, a nonorthogonal multicarrier signal format named spectrally efficient frequency division multiplexing (SEFDM) [16] was proposed. In SEFDM, the subcarriers are placed closer in frequency (relative to OFDM) to achieve spectral efficiency gains, while compromising the orthogonality and receiver complexity. The multistream faster than the Nyquist technique initially proposed in [17] and detailed in [18] is SEFDM's time domain counterpart and has similar spectral efficiency gains with little error performance loss relative to OFDM. The recent report of [19] derives an expression which shows that nonorthogonal multicarrier signals have the potential to achieve higher capacity limits compared to orthogonal signals.
Improving the spectral efficiency is not the only motivation for using SEFDM signals [37] . There are also noise advantages when BW is reduced, such as the overall reduction of noise power and as was shown recently in [20] ; the impact of white phase noise depends on the BW of the signal. Therefore, the impact of white phase noise in SEFDM will be less than that of OFDM for the same transmission rate, while the severity of near carrier phase noise will not be affected [21] , [22] . In addition, improving the achievable spectral efficiency without increasing the constellation cardinality can be considerably convenient, since it is well known that low-order constellations are more robust to channel impairments such as time-varying phase noise and nonlinearities.
SEFDM is an ill-conditioned system, and its practicability is hindered by two main obstacles; signal detection and channel estimation and equalization. For signal detection, the intercarrier interference (ICI) between subcarriers is conceptually similar to that seen in distorted OFDM albeit, with more detrimental effect. To ameliorate the effect of such ICI, for uncoded systems, different techniques have been successfully developed, such as sphere decoder [23] , fixed sphere decoder [24] , pulse shaping [25] , and iterative detector [26] . Furthermore, forward error correction (FEC) has been proposed and tested either on its own [27] , or as a part of an interference canceller that operates iteratively over the received SEFDM symbols to cancel the interference and to improve the performance of coded systems [19] , [28] .
The nonorthogonality nature of SEFDM signals further complicates the channel estimation problem. Estimation of the system phase offset and channel response has been addressed using various methods, either in the time domain [29] , [30] or in the frequency domain [31] . Recently, a new robust channel frequency response (CFR) estimation scheme for SEFDM signals was proposed in [31] , and it will be experimentally demonstrated in this paper for the first time. In this estimation scheme, the pilot symbol uses the same number of subcarriers and the same frequency spacing of SEFDM signals used to transmit data, while maintaining the orthogonality. As a result, a simple and accurate channel estimation is guaranteed at the expense of slightly increased pilot duration overhead.
Experimental SEFDM test beds with significant spectral efficiency gains have been demonstrated to serve different applications. In [32] , 2.25 Gb/s SEFDM signals were transmitted over the 60 GHz frequency band, and a wireless test bed for future cellular networks has been reported in [33] . The 10 Gb/s optical SEFDM signal transmission systems were reported in [19] and [34] , and a 24 Gb/s coherent optical transmission over single-mode fiber have been implemented in [35] . A summary of these systems can be found in [36] , and the recent SEFDM systems survey paper [37] . This paper, and for the first time, presents an experimental demonstration of SEFDM signal wireless transmission at a rate of 12 Gb/s over the E-band (81-86 GHz) frequency range. The powerful low-density parity-check (LDPC) FEC codes invented by Gallager [38] and adopted in future cellular 5G standards [39] , and the CFR estimation scheme of [31] is used in this experimental demonstration. The experiment results show that the use of SEFDM signals enhances the system spectral efficiency by up to 50% compared to OFDM. This demonstration represents an important milestone for SEFDM transmission at the E-band. Unlike the aforementioned experiments, the employment of LDPC codes and the new CFR estimation scheme with no complex transmitter and receiver signal processing, highlights the potential of a realtime implementation.
This paper is organized as follows. Section II describes the SEFDM signals and the processing schemes used to deal with SEFDM impairments arising from ICI; Section III gives a detailed description of the E-band transmitter and receiver integrated circuits' topology and shows some measurements to prove the suitability of the circuits for this experiment; Section IV describes the SEFDM transmission experimental demonstrator; in Section V, an analysis of the experiment results and measurements are given, and finally, conclusions are drawn in Section VI.
II. SEFDM WAVEFORM
SEFDM is a multicarrier multiplexing technique, where symbols are generated similar to OFDM. For an SEFDM symbol x(t) with N subcarriers, if z = {z 0 , z 1 , . . . , z N−1 } are the complex baseband symbols [e.g., QPSK, 8-phaseshift keying (PSK)] of symbol duration T s and symbol rate R s = 1/T s , to be modulated by the SEFDM subcarriers, then the complex envelope of the baseband SEFDM-modulated signal is
where T = N × T s is the SEFDM symbol duration, while f is the frequency spacing between subcarriers. In contrast to OFDM where f × T = 1, the SEFDM subcarriers are not orthogonal and f × T = α, given 0 < α < 1, is the BW compression factor. In this experimental work, α takes two values 4/5 and 2/3 to demonstrate a spectral efficiency gain of 25% and 50%, respectively, as will be shown later.
The RF power spectra of OFDM and SEFDM signals at the transmitter are shown in Fig. 1 , where the center frequency f c = 83.5 GHz, N = 16 subcarriers modulated by QPSK symbols (M = 4), f = α × 250 MHz, R s = 4 Gsymbol/s, and the total BW is BW = α × R s = α × 4 GHz. Clearly, SEFDM saves (1−α)×100% BW in comparison to OFDM for the same transmission bit rate,
The convolution of the transmitter (Tx), the receiver (Rx), and the channel impulse responses may be represented by a frequency-selective multipath vector of L paths. Thus, the received signal can be expressed as
where γ l and τ l are the complex amplitude and the delay of the l th path, respectively. w(t) is the additive white Gaussian noise (AWGN), with zero mean and variance σ 2 n = N 0 /2, where N 0 is the noise power spectral density.
The demodulated symbolẑ n , at the n th subcarrier, affected by the channel and contaminated by interference resulting from ICI can be expressed as [31] 
where 1 is the multipath CFR acting on the m th subcarrier of the SEFDM symbol, and (m, n) is the cross correlation between the subcarriers m and n given by [40] where sinc(x) = sin(π x)/π x. The second summation term of (3) on the right-hand side represents the AWGN effect on the n th subcarrier. It is convenient to describe the transmitter and receiver models in the digital domain using a linear model. The digital version is obtained by sampling the signal, at least at the Nyquist rate, to allow the reconstruction of the signal from its samples at the receiver. This implies that Q ≥ N samples are required [28] . A demodulated SEFDM symbolẑ from (3) can be expressed in a matrix form aŝ
whereẑ and w are C N×1 vectors of the demodulated baseband symbol and the white noise, respectively. H ∈ C N×N is a diagonal matrix, where its diagonal element H n,n is the CFR coefficient of the n th subcarrier of the SEFDM signal and ∈ C N×N is the subcarriers correlation matrix, whose elements are given in (4). Hence, the received signal at the input of the detector, inside the baseband receiver, suffers from dual distortion; ICI and system impairments. Direct channel estimation using an SEFDM pilot is impractical due to the ill-conditioned matrix in (5) . Recently, a new robust CFR estimation scheme for SEFDM signals was proposed in [31] , where the pilot signals are sent over orthogonally spaced subcarriers as an OFDM symbol (i.e., in (5) is an identity matrix). The pilot symbol uses the same number of subcarriers and the same frequency spacing of SEFDM signals used to transmit data. Hence, the frequency allocation of the pilot symbol's OFDM subcarriers is aligned with that of SEFDM. As a result, a simple and accurate channel estimation is guaranteed at the expense of slightly increased pilot duration overhead.
The estimated CFR coefficients are used to equalize the channel and system effects using a simple one-tap equalizer [31] . Consequently, the LDPC decoder, employed for data symbols detection, is capable of dealing with the ICI after equalizing the channel effect, either on its own or as a part of the successive interference canceller introduced in [28] .
III. E-BAND TRANSMITTER AND RECEIVER INTEGRATED CIRCUITS' DESIGN
The E-band SEFDM monolithic microwave integrated circuit (MMIC) Tx and Rx in the experiment were TSC0023B and RSC0015D, respectively. Both Tx and Rx are designed by Gotmic AB for this collaborative work. Based on WIN Semiconductors' 100 nm GaAs pHEMT process (PP10-10), the Tx and the Rx circuits are one-chip solutions that contain integrated frequency sextupler (X6) and balanced IQ modulator. The two MMICs were each mounted on Taconic Taclamplus printed circuit board (PCB) of size 3 × 3 mm 2 , having 100 μm thick substrate on 1 mm copper hardback with edge-launch SMA connectors for the local oscillator (LO) and IQ ports and a WR12 waveguide interface for the RF. Additional PCBs were used, taking only ±5 V, for making the E-band SEFDM transmitter and receiver plug"n"play solutions for quick deployment and ease-of-use.
A. Design Topology of the Transmitter and the Receiver
The Tx integrated circuit contains a variable-gain amplifier (VGA), a medium power amplifier, and a power detector for monitoring RF output power and LO leakage. These components are integrated after the quadrature mixer, as shown in the block diagram and the corresponding chip photograph in Fig. 2(a) . The quadrature mixer comprises a differential branch line coupler and a Marchand balun on the LO side and is based on the topology in [42] . Such design provides LO-RF isolation and quadrature interface, suitable for direct modulation. The frequency sextupler makes the use of a differential stage amplifier, which in saturation is rich of odd harmonics, and a common-source transistor biased at threshold, which is rich of even harmonics. These two sources extract the X3 and the X2 frequency products respectively, and together with the amplifiers, they boost the signal level, such that the output power level reaches 16 dBm. The detailed schematic of the frequency sextupler is described in [43] . The VGA utilizes a traveling-wave-type amplifier for gain control, which over 25 dB gain control range has consistent flat gain response and return loss better than 10 dB. The medium power amplifier consists of four stages and in two parallel branches to increase linearity. A gradual increase in the gate width of the transistors from 150 to 400 μm has been adopted in the design, to balance the transmitter's power consumption and the third-order intermodulation product. At the output, the RF signal is 10 dB coupled to a power detector; thus, the detector is sensitive enough to detect all the power levels across the gain control range.
In terms of the receiver, the Rx circuit of Fig. 2(b) consists of a low-noise amplifier (LNA) placed in front of the quadrature mixer. The LNA is used to buffer the noise figure, such that the conversion gain and noise figure of the whole receiver chip are 15 and 5 dB, respectively. The LNA consists of a three-stage amplifier design, where the first transistor is biased at a low drain voltage and low current for optimum noise figure. Similar to the medium power amplifier in the transmitter, the second and third stages have a gradual increase in their transistors size to improve linearity. The quadrature mixer and the frequency sextupler are identical to the ones described in the transmitter above.
B. Measurements of the Transmitter and the Receiver
The suitability of the Tx circuit is evaluated in Fig. 3(a) . The results show that the measured maximum conversion gain, third-order output intercept point (OIP3), and image rejection ratio (IRR) are 18 dB, 26 dBm, and 25 dB, respectively. This implies that the transmission of multicarrier modulation formats including OFDM and SEFDM even at a relatively high peak-to-average power ratio is viable. Nevertheless, because of the limited frequency response of the branch line coupler, it is noticed that the IRR is high at the center frequency and starts to deviate at the corner frequencies. LO suppression can be further improved (around 40 dBc), by applying dc offset to the +I, −I and +Q, −Q channels.
For the receiver, the measured input linearity may be described by measuring the third-order input intercept point (IIP3) and the IRR, which are 1 dBm and 25 dB, respectively, as shown in Fig. 3(b) . We can notice that the performance is similar to that of the transmitter, indicating the suitability to multiple-subcarrier modulation format.
For direct modulation and demodulation, intermodulation product, such as IM2, is a critical parameter because it falls within the modulated signal BW. Thus, OIP2 has been measured and the results indicate that OIP2 is higher than 30 dBm at the center frequency, but decreases to 12 dBm at 86 GHz. This effectively limits the maximum received signal power of the SEFDM receiver chain.
IV. E-BAND SEFDM TRANSMISSION DEMONSTRATOR
The experiment was held at the Microwave Electronics Laboratory, Department of Microtechnology and Nanoscience, Chalmers University of Technology, Gothenburg, Sweden. The setup is shown in Fig. 4(a) ; the Tx chip (TSC0023B) and Rx chip (RSC0015D) are shown in Fig. 4(b) and (c) , respectively. The experiment system parameters are summarized in Table I . 
A. Experimental Setup
A descriptive block diagram is depicted in Fig. 6 , starting from the Tx digital baseband part, to upconversion to radio RF band, to the signal E-band transmission and then downconversion from RF to baseband again to recover the transmitted bits.
The arbitrary waveform generator (AWG) (Keysight M8195A) was used as a digital-to-analog converter, with a vertical resolution of 8 bits, to convert digital baseband signal to analog input to the E-band Tx. The AWG provides two dif- ferential outputs (+I, −I, +Q, −Q), each operates at 16 Gsample/s and are connected to the four inputs of the Tx chip (TSC0023B) which upconverts the input signal to the RF range around the center frequency 83.5 GHz. It is important to mention that the AWG buffer size (10 million samples) limits the number of transmitted samples in this experiment. The RF signal propagates through the E-band waveguide (WR12), and the digital variable attenuator (Mi-Wave's 511 Series Precision Programmable Rotary Vane) is inserted to introduce a controlled frequency-selective environment and to avoid the receiver from reaching its saturation region. The measured channel frequency amplitude and phase responses and group delay are shown in Fig. 5 . From the measurements, the combination of waveguides and attenuator may be characterized as a frequency-selective channel and almost linear phase resulting in fluctuations in the channel group delay. Such channel appears in a multipath environment, where the signal propagates through different paths.
At the receiver, the Rx chip (RSC0015D) downconverts the RF signal back to the baseband region and the received IQ outputs are connected to the (Teledyne Lab Master 10-100 Zi) oscilloscope, operating as an analog-to-digital converter, with a vertical resolution of 8 bits, at 80 GHz sampling rate (interleaved) and 36 GHz analog BW. The sampled signals are fed to the digital baseband receiver which is implemented offline in MATLAB to recover the transmitted symbols and evaluate system performance as will be discussed in the next section.
B. SEFDM Digital Baseband Tx and Rx
As shown in Fig. 6 , at the transmitter, in the first stage, a stream of bits b ∈ {0, 1} are encoded by the LDPC encoder. The coding rate is defined as the ratio of information bits to the number of coded bits. The coded bits contain the information bits plus parity bits that are generated using the LDPC sparse matrix [44] . Thus, this increases the redundancy of the information bits transmitted, as even if the information bit is lost, still parity check bits can be used to regenerate the information bits at the receiver side. Therefore, by increasing the number of parity bits sent for each information bit, the probability of detecting the transmitted message increases. The drawback of such channel coding is that by sending redundant information, the overall throughput of the system reduces. Channel coding can be looked at as a tradeoff between transmission quality and throughput. In this paper, we use a coding rate (R c = 1/3), meaning that two parity bits are sent for each information bit. For more information about Shannon limit approaching FEC codes generally and LDPC specifically, readers are encouraged to read "Channel coding: The road to channel capacity" [44] . Furthermore, the implementation of LDPC codes with SEFDM has been investigated in [28] and the use of other coding techniques in [27] and [32] .
The encoded bits c ∈ {0, 1} are interleaved by a block interleaver ( ) of size 64,800 bits to scatter the burst errors. Hence, the possibility of loosing the information bit with its parity check bits reduces. The QPSK/8-PSK modulator maps each log 2 (M) bits to a symbol z from the M-ary symbol alphabet, where M = 4 and M = 8 for the case of QPSK and 8-PSK, respectively. Thereafter, the mapped symbols' sequence z is divided into N = 16 parallel streams. Each symbol z n th is modulated by the n th subcarrier of the SEFDM symbol, where the frequency separation between adjacent subcarriers is (α × BW/N = α × 250 MHz). The spectrum of the resultant signal after RF upconversion is shown in Fig. 1 .
In parallel to the process of preparing the message bits for SEFDM modulation, a pilot is generated. The pilot consists of five consecutive OFDM symbols, where the first pilot symbol is used to estimate the CFR coefficients and the other four are used to estimate the system phase offset. The pilot symbols have the same constellation order of the data symbols. The special feature of these pilot symbols is that they have the same frequency spacing (α × 250 MHz) and the number of subcarriers of SEFDM symbols, but they are orthogonal [31] . The orthogonality is maintained by increasing the pilot symbol duration T p by a factor of (1/α), such as T p = T /α, and this implies that the pilot symbols are sent at a slower rate than that of the data symbols but occupy the same BW as SEFDM data symbols. For more details about this pilot structure, readers are referred to [31] . The added redundancy of this scheme depends on how frequent the pilot is sent. For instance, in this experiment, as the environment is static, the pilot is sent only once at the beginning before sending data of length L d = 3×10 6 symbols. Hence, the added redundancy, given by [31] , is insignificant. Finally, the last stage is parallel to the serial converter, so the data stream generated is ready for the AWG IQ output. Fig. 7 shows the spectrum of the received samples captured from the oscilloscope. It is important to note that the OOBE level of SEFDM is slightly lower than that of OFDM. For instance, the highest OOBE level is roughly −20 dBm for OFDM while it is lower than −20 and −22 dBm for SEFDM signals with α = 4/5 and α = 2/3, respectively. Consequently, extra subcarriers or signals of other users may use the saved BW. A digital low-pass filter of BW (4.5 GHz) is implemented followed by a dc block. Thereafter, a downsampler is used to resample the received data from 40 to 16 Gsample/s.
A new technique is developed in this paper for timing synchronization where the pilot symbols (used normally for the channel estimation) are also used here for timing synchronization. This is made possible due to the orthogonal nature of the pilot symbols, discussed above, allowing the known transmitted pilot samples to be correlated with the received samples at the receiver to give a correlation peak indicating the beginning of the received data samples, thus establishing timing synchronization.
The received samples are demultiplexed into channel pilot symbol, phase offset pilot symbols, and data symbols. The channel pilot symbol enters the bank of demodulators; then, the output is used to estimate the CFR. Following, the phase offset pilot symbols are demodulated, then equalized using the estimated CFR and a one-tap equalizer. Afterward, the four equalized pilot symbols are used to calculate the phase offset. Here, four pilots are used for the phase offset estimation to gain a more accurate estimation. Thereafter, the received data symbols are equalized using a one-tap equalizer. Then, the equalized received symbols are rotated by the estimated phase offset. After this stage, the symbols are demapped, deinterleaved and decoded by an LDPC decoder with 50 iterations. The LDPC decoder uses what is called "message-passing algorithm," where the message is passed back and forward between the information bits and check nodes of the LDPC Tanner graph iteratively [44] . The output of the decoder is the estimated transmitted bits.
V. MEASUREMENT, ANALYSIS, AND RESULTS
In this section, to evaluate the system performance and prove its viability, the analysis of the system setup and results are divided into four categories: simulation results; spectral efficiency gain; the advantage of OFDM pilot over SEFDM pilot; and SEFDM error performance.
A. Simulation Results
To begin with, the motivation behind SEFDM employment in this demonstration may be illustrated by considering Fig. 8 . The error performance of baseband OFDM and SEFDM signals transmission over a flat AWGN channel is simulated using the digital baseband transmitter shown in Fig. 6 and the receiver in [28] . To allow fair comparison for given values of spectral efficiencies, both the bit rate and occupied BW were adjusted for SEFDM and OFDM. For clarity, the arrangement is held by subdividing the results into two groups according to the spectral efficiency (group I: 1 b/s/Hz; group II: 2.25 b/s/Hz). The spectral efficiency is varied by adjusting one of the three system parameters (α, log 2 (M), R c ).
Looking at the BER curves of group I, OFDM (1, 2, 1/2) attains SEFDM (2/3, 2, 1/3) spectral efficiency by increasing To conclude, at a given spectral efficiency, SEFDM saves BW compared to OFDM and requires less power while preserving the same BER performance.
B. SEFDM Spectral Efficiency Gain
The constellation diagrams of the received symbols, for QPSK and 8-PSK, before and after equalization and phase correction (before the decoder stage), are shown in Table II along with the spectral efficiency (η bit/s/Hz) for each case. This constellation is for the 9 th subcarrier that is located at the center frequency ( f = 83.5 GHz). It is chosen because compression is applied to its both sides; thus, this is the only subcarrier that has the same frequency for all the compression factors. Furthermore, the constellation given here is for the same Rx input power level, given the signal-tonoise ratio (S N R = 25 dB), where the transmission is errorfree (i.e., BER < 5 × 10 −6 ), even with the case of 8-PSK and α = 2/3 due to the powerful LDPC decoder.
From Table II , we can notice that higher spectral efficiency improvement is gained for lower α and the percentile improvements (ζ ), calculated by (6) , are 25%, 50% for α = 4/5 and α = 2/3, respectively,
This gain is achieved in this experiment as the transmitted SEFDM signal occupies less BW for the same OFDM signal transmission rate. Another scenario, which has not been tested yet but can be beneficial, is that of increasing the number of subcarriers for the SEFDM case to maintain OFDM BW rather than saving BW. For such case, the transmission data rate will be increased relative to OFDM.
C. SEFDM Versus OFDM Pilots
To evaluate the effect of the special OFDM pilot used to estimate the CFR and phase offset, a comparison is held when this pilot is used and when SEFDM pilots, similar to SEFDM transmitted data symbols, is used. The evaluation is done by checking the level of impairment on each transmitted symbol, using the root mean square (rms) of the normalized error vector magnitude (EVM) E k of the data symbols after the equalization and phase offset correction stage at the same Rx input power value (SNR = 25 dB). The normalized EVM is calculated as
where L d is the vector size of the transmitted symbols, I k and Q k are the in-phase and quadrature-phase elements of the k th transmitted symbol, whileĨ k andQ k are the in-phase and quadrature-phase elements of the k th received symbol after equalization and phase correction. Consequently, the rms of EVM (EVM r ) is evaluated by taking the square root of the mean square of the EVM across all values. EVM r in decibel scale is given by Fig. 9 shows the advantage of using the special OFDM pilot over SEFDM pilot, where the EVM drops by approximately 2 and 2.5 dB for α = 4/5 and α = 2/3, respectively. The spectrum of the equalized received signal, obtained by the experiment, for the case of α = 0.8, is shown for comparison. Clearly, the equalized spectrum using OFDM pilot is closer to ideal compared to that of the SEFDM pilot case.
The advantage of such pilot design can also be considered from another perspective, by calculating the absolute phase difference between the transmitted and equalized symbols, using SEFDM and OFDM pilots. Fig. 10 demonstrates the absolute phase difference values for the OFDM and SEFDM pilots cases. From Fig. 10 , it can be noticed that by using an OFDM pilot, the phase difference is lower compared to the case with SEFDM pilot. Furthermore, the phase difference increases by decreasing α (i.e., increase the compression level).
D. BER Results
Finally, due to the steep nature of the waterfall BER curves of LDPC coded schemes [44] and the measurement equipment limitations; specifically, the AWG buffer size limitation, the BER results collected lacked resolution and detail, and the error performance displayed either high numbers of errors or simply error-free behavior (i.e., B E R < 5 × 10 −6 ). As such, BER curves are not plotted here, instead Table III gives the Rx input SNR values for which the transmission becomes error-free, for different combinations of α and M used in the experiment, when (64 800×90) bits are transmitted.
Clearly from Table III , the spectral efficiency improvement results in a power penalty of few decibels compared to OFDM. For instance, for the QPSK case, 1.4 and 2.9 dB increase in the power level is required, to increase the spectral efficiency by 25% and 50%, respectively. On the other hand, for the higher constellation order (8-PSK), the signal appears to be slightly more sensitive to BW compression, resulting in a slightly higher power penalty. It is worth noting that the noise level and nonlinear impairments of the time-interleaved highspeed oscilloscope scale with the power of the received signal; therefore, in a more ideal setup, the SNR required to achieve the error-free operation may be lower (better) than what is measured and reported here in Table III . Previous work has shown that this penalty gap can be further reduced, by using a more sophisticated receiver design, which estimates the interference and cancels it gradually in an iterative manner [28] , [32] . However, as the aim of this demonstration is to validate the concept of utilizing SEFDM for the E-band data transmission, a simple detector similar to OFDM is used, which can be implemented in real time.
Finally, referring to Table III and the reported attenuation levels from the digital attenuator (item 4 shown in Fig. 6 ) for each SNR value, coupled with a 46 dBi gain E-band antenna at both the Tx and Rx, it can be anticipated that the bestcase hop link is between 2.4 and 4.1 km. Such calculation takes into account the free space path loss only, without other impairments like oxygen absorption, rain, humidity, and others. Thus, they are the upper bound distance values for future experiments, where the E-band link will be affected by environmental and weather conditions.
VI. CONCLUSION
This paper reports, for the first time, the application of the special multicarrier signaling format SEFDM in an E-band (81-86 GHz) millimeter-wave system. SEFDM has the advantage of offering substantial spectral efficiency advantages by saving BW in wireless and wired communication systems, and this paper verifies such advantages experimentally and through the design and testing of multi-gigabits per second communication link operating in the 81-86 GHz frequency region.
The presented experimental demonstration of SEFDM transmission utilizes GaAs microwave integrated circuits transceiver chips, for conversion from baseband to RF spectrum and vice versa. The suitability of such circuits was evaluated and proven in a specially designed test bed. The overall system CFR has been estimated using a newly developed channel estimation scheme for SEFDM. This estimation scheme showed Tx-Rx EVM measurements' enhancement by up to 2.5 dB, when compared to conventional channel estimation schemes. The combination of this estimation scheme and the powerful LDPC channel coding achieves the highest transmission rate of 12 Gb/s. Such transmission rate is demonstrated over BWs ranging from 4 GHz for a noncompressed system down to 2.67 GHz for an SEFDM system. This paper demonstrates that in the E-band, the use of multicarrier transmission, with judicious selection of modulation format and SEFDM signal compression, allows up to 50% improvement in spectral efficiency (relative to OFDM or single-carrier uncompressed systems) with some loss of performance that may be ameliorated by using more sophisticated detection techniques.
